To the editor: The vagus nerve exerts control over heart rate and heart contractility. [1] [2] [3] Accordingly, vagus nerve stimulation (VNS) has been proposed as a method for treating various heart conditions, including hypertension and heart failure.
The effects of selective left vagus nerve stimulation (LVNS) on the components of the electrocardiogram (ECG) and on hemodynamic changes within the cardiac cycle, using precisely determined current stimulus trains, were analyzed in a patient.
The cervical vagus nerve contains A-, Band C-fibers. [4] [5] [6] Vagus nerve stimulation for cardiac control generally requires B-fiber stimulation; stimulation of A-and C-fibers is to be avoided. A published model study 7 proposes current charge-balanced stimulus trains with a quasi-trapezoidal cathodic phase with a leading edge i c D1 mA, a plateau t c ¼300 ms, an exponentially decaying phase t exp ¼500 ms and an anodic phase t a of magnitude i a D0.1Âi c (Figure 1b) .
The cuff (Figure 1a ) contained 13 sets of three electrodes (triplets): intertriplet contact distance (edge to edge) 6 mm, cuff length 18 mm and inner diameter 2.5 mm. Outer triplet electrodes served as common anodic reference electrodes, and corresponding central electrodes served as stimulating cathodes. 8 In this configuration, action potentials of large A-fibers originating from cathodic stimulation tend to be blocked by a hyperpolarizing anodic current, whereas B-fibers deliver bidirectional action potentials, and C-fibers remain subthreshold for a specific stimulus intensity.
The study protocol was approved by the National Medical Ethics Committee, Ministry of Health, Republic of Slovenia (NMEC) (http://www.kme-nmec.si/, Unique Identifier No. 142/02/07). Informed consent was obtained from a 68-year-old male patient (AK) with incomplete occlusion of the left internal carotid artery and mitral insufficiency, who was scheduled for thromboendarterectomy and coronary revascularization.
For induction of anesthesia, propofol (Propofol 1% Fresenius, Fresenius Kabi, Graz, Austria) was used; remifentanil hydrochloride (Ultiva, GlaxoSmithKline Export, Brentford, UK) was given as an analgesic and vecuronium bromide (Norcuron, Organon Laboratories, Cambridge, UK) was administered intravenously as a muscle relaxant. General anesthesia was maintained with isoflurane (Forane, Abbott Laboratories, Queenborough, UK). 9 Systemic arterial pressure (SAP) was measured with a catheter inserted into the right radial artery attached to a pressure transducer (model DPT-6000, Smiths Medical Deutschland GmbH, Kirchseeon, Germany). Ventilation was monitored at the airway opening (PAO) using the same model of pressure transducer.
The exposure of the nerve was combined with the procedure used for carotid thromboendarterectomy. The selectivity of a triplet in contact with a compartment innervating atrioventricular and sinoatrial nodes was determined using a stimulating train (i c ¼2.5 mA, f¼20 Hz) delivered sequentially to each triplet. To test the efficiency of a triplet in contact with a compartment innervating the atrioventricular and sinoatrial nodes, however, five successive, D6 s-long stimulus trains with i c values of of 0.5, 1, 1.5, 2 and 2.5 mA were delivered to each triplet. The components of the ECG and hemodynamic changes were analyzed at the following i c values: 0 mA before stimulation; 0.5, 1, 1.5, 2 and 2.5 mA before the absence of cardiac contraction; 2.5 mA after the absence of cardiac contraction; and 0 mA after LVNS.
The effects of LVNS on ECG, SAP and PAO showed that triplet 1 and i c ¼2.5 mA elicited the greatest change in heart rate and blood pressure, and after D7 s, the absence of cardiac contraction. Furthermore, a rapid decrease in SAP was obtained. The effect of LVNS with five successive stimulus trains with different i c values on ECG, SAP and PAO is shown in Figure 1 . LVNS with i c ¼0.5, 1 and 1.5 mA (Trace c) did not result in a lower rate, LVNS with i c ¼2 mA resulted in a slightly lower rate and LVNS with i c ¼2.5 mA resulted in a significantly lower rate and in the absence of cardiac contraction.
Moreover, LVNS with i c o2.5 mA (Trace d) did not cause a significant decrease in SAP, whereas LVNS with i c ¼2.5 mA elicited a rapid decrease in SAP during the absence of cardiac contraction before LVNS was terminated (from 150 to 53 mm Hg). Specifically, systolic and diastolic SAP began to decrease before LVNS was terminated and continued to decrease even after termination. The lowest values (125 and 60 mm Hg for systolic and diastolic SAP, respectively) were observed D1 s after LVNS was terminated. After the absence of cardiac contraction, SAP rose rapidly back to a systolic value of 150 mm Hg.
Ventilation (Trace e) did not show a change that could be attributed to LVNS at any i c value. The peak in PAO, which occurred at the same time as the absence of cardiac contraction, was attributable to a mechanical disturbance caused by the experimentalist during instant termination of LVNS and not to stimulation of respiratory musculature, which was completely relaxed.
The components of ECG and of hemodynamic changes within the cardiac cycle (Table 1) revealed that, for both, LVNS with i c o2.5 mA was not as effective in eliciting changes. However, LVNS with an i c value up to 2.5 mA, before the absence of cardiac contraction, elicited significant mean changes in components of the ECG. The largest mean changes were elicited by LVNS with i c ¼2.5 mA applied after the complete absence of cardiac contraction. After LVNS was terminated, mean changes in the components of ECG started to return to values before LVNS.
LVNS with i c o2.5 mA elicited relatively small mean hemodynamic changes within the cardiac cycle, whereas LVNS with i c ¼2.5 mA, before the absence of cardiac contraction, elicited significant mean changes. The largest mean changes were elicited by LVNS with i c ¼2.5 mA applied after the complete absence of cardiac contraction. After LVNS was terminated, the mean changes began to approach the values before LVNS.
The observed effects of LVNS were compared with simulations on the basis of a model of a pacemaker current (If) from literature. 10 The conclusions are as follows: (1) LVNS with a precisely defined stimulus train could selectively modify autonomic control of the SA node and/or of the atrioventricular node, (2) heart function was modified predominantly through LVNS of efferent nerve fibers and (3) LVNS of the mid-cervical vagus nerve with triplet 1 elicited action potentials in an orthodromic and antidromic direction in both efferent Abbreviations: ACC, absence of cardiac contraction; Diast SAP, diastolic SAP; MAP, mean arterial pressure; Rw (BR SAP), R wave to the beginning of the rise in systolic SAP; Rw (DN), R wave to the dicrotic notch; Rw (P SAP), R wave to the peak of systolic SAP; Syst SAP, systolic SAP.
and afferent nerve fibers. Future work will include the following: (1) conducting studies of heart function using LVNS with different stimulus train patterns, (2) steering the electrical field in a desired direction within particular compartments of the nerve using central electrodes of neighboring triplets as steering anodes and (3) carrying out orthodromic and antidromic LVNS in B-fibers within a particular compartment of the nerve using different stimulus train patterns and two additional anodes situated next to outer triplet electrodes serving as common anodic reference electrodes.
